In this paper, the heat transfer correlation for a surface fitted with rectangular ribs was purposed by solving the continuity, momentum, energy and turbulence equations through the finite volume approach. Extensive computations were executed to vary both the duct Reynolds number ( observed. In the perspective of heat transfer augmentation, the duct Reynolds number, the nozzle Reynolds number and the volume fraction of nanofluid were found to be some of the parameters among to influence heat transfer significantly.
Introduction
The effective elimination of heat from a heated surface, in particular, from the electronic processors is gaining its demand due to the shift in the paradigm of the technology from macro to mini sizes. The continuous reduction in the size, the increasing demand for faster operating speed and the longer durability of the devices further necessitates the new technologies, methods for effective cooling so as to safeguard the devices and to achieve a hassle free operation. In this context, several new methodologies have been attempted. The innovative design of the thermal equipments and the use of high heat transfer fluids are a few examples for attaining a higher rate 2 of heat dissipation. Recently, the nanofluids are extensively used for augmenting heat transfer in micro sized (i.e., micro channels, microelectronic systems, MEMS) devices to macro sized (i.e., heat exchangers, power plants, solar applications) devices. Nanofluids have been used for various applications by different researchers since its first use in modern technology by Choi et al. [1] . Generally, the water suspended with solid metallic oxides posses higher thermal conductivity as compared to the usual pure water and ethylene glycol. Thus, the heat transfer enhancement by these fluids is more than water due to their better thermal capability [2] [3] [4] [5] [6] .
Several empirical correlations were developed by various investigators to look into the thermohydraulic characteristics of nanofluids in both the force and the free convection regimes. An empirical correlation for Nusselt number was proposed by Pak and Cho [7] using two different water soluble nanofluids (i.e., Al 2 O 3 -and TiO 2 -water) for a turbulent bend tube. It was demonstrated by them that Re and  of the nanofluid influence the heat transfer significantly.
The higher heat transfer of the nanofluids as compared to water was experimentally studied by Wen and Ding [8] , and obtained the similar observations. Empirical correlations for heat transfer of CuO, TiO 2 , and Al 2 O 3 nanofluids in both laminar and turbulent regimes have been developed by Li and Xuan [9] . For Cuo-water nanofluid turbulent flow in a pipe, Xuan and Lee [10] developed the empirical correlation for Nusselt number in terms of the Reynolds number, Prandtl number and Peclet number and volume fraction of the nanoparticle. Vijjha et al. [11] proposed another correlation for Nusselt number of Al 2 O 3 and CuO nanofluids in the turbulent regime.
Moreover, Suresh et al. [12] obtained the fully developed heat transfer correlation for a laminar flow of a hybrid class nanofluid (i.e., Al 2 O 3 -Cu/Water) in tube subjected to a uniform heat flux.
Xuan and Roetzel [13] included the effect of thermal dispersion of nanoparticles in their heat transfer correlation. For CuO nanoparticle dispersed in the oil, the heat transfer correlation has also been developed by Raji et al [14] in a round and flattened tube. Heat transfer correlation for Al 2 O 3 -water nanofluid flow in a microchannel has been proposed by Zhang et al. [15] . Using the regression analysis of the data, Jafarimoghaddam and Aberoumand [16] [21] and Nemati et al. [22] to study the MHD natural convection of nanofluid inside different configurations. It was concluded by them that  influence the heat transfer; whereas the magnetic field suppresses the heat transfer enhancement due to the opposing action of the Lorentz force to the motion of fluid. A numerical study was carried out by Khorasanizadeh et al. [23] for a rectangular cavity with a conductive baffle placed at the bottom by implementing the finite volume method. They observed that at low Rayleigh number the mean Nusselt number was decreased by displacing the baffle toward the center. They claimed that the conduction heat transfer, which is dominant at low Rayleigh number, has been reduced and convection takes over the conduction as the baffle was moved to center. Wei et al. [24] developed a model to account for the nanofluid thermal conductivity using the fractal analysis.
Their developed model is also validated with the experimental results of the effective thermal conductivity of the nanofluid. Sivashi et al. [25] investigated the effect of , the number and length of the porous fins attached to one of the walls of a two-dimensional rectangular domain on heat transfer from the heated surface using porous and solid fins. They obtained a better heat conduction for porous fins as compared to solid/non-porous fins, and concluded that heat transfer with porous fins was higher than non-porous fins. Also, their numerical study showed that a more heat transfer enhancement could be obtained at high Darcy number as compared to low Darcy number. At low Darcy number, the convection is weakened, and thus the heat transfer is reduced.
Recently, the authors [26] studied the entropy generation for heated surface by impinging nanofluid on trapezoidal protrusions using a similar duct. Based on the previous literature, it is thus noticed that a plenty of work on nanofluid has been carried out to implement nanofluid for heat transfer augmentation in various engineering applications. Also, there exists a plenty of heat transfer correlations for nanofluid as an alternative fluid in the open literature. But it has been 4 noticed from the literature survey that, there exists no such empirical correlation for a protruded surface with jet impingement onto it. Therefore, the present study is aimed at developing an empirical correlation for Nusselt number of the protruded surface with cross-flow jet impingement. Rigorous and careful numerical simulations have been executed in a commercial CFD solver to capture the data, and then a nonlinear regression analysis has been executed to develop the heat transfer correlation. Fig. 1 shows the geometrical dimensions of the physical model with different boundary conditions. A constant temperature (i.e., 353 K) has been imposed to the marked (with dotted rectangle) region of the bottom wall as shown in Fig. 2 (a) . Rectangular protrusions have been installed on the heated surface, maintaining an inter-protrusion distance of 0.016 mm. All walls other than the heated wall are adiabatic. Fig. 1 Space for Fig. 2(a) and (b) A stream of Al 2 O 3 -water nanofluid is allowed to flow through the inlet at a uniform velocity.
Numerical Modeling

Model description with grid set up
Space for
Also, another stream of nanofluid is emanated from the nozzle exit and is mixed with the flow coming from the duct inlet, and thus forms a cross-flow with the jet flow. The cross-flow is believed to improve the mixing of cold and hot streams in the close proximity of the heated wall.
Thus, it is expected a higher heat transfer rate with this type of arrangement. At the upstream of the heated surface, the duct is provided an extra length (i.e., / 10  X Dh ) in order to have a fully developed flow (hydro-dynamically) at the heated surface. The grid arrangement on the inlet, outlet and bottom wall has been depicted in Fig. 2(a) . Fig. 2(b) shows the enlarged and cutaway illustration of the grid around the protrusions.
Different properties of nanofluid
The nanofluid has been considered as single phase and homogenous because (i) the particles are very small in diameter (i.e., 100 nm [27] ) (ii) the particles are thoroughly mixed in water. The thermo-physical properties of alumina nanoparticle and water (i.e., base fluid) at 300 K and 101.325 kN/m 2 have been shown in Table 1 . Table 1 5
Space for
Density
Equation (1) shows the mathematical relationship between the density of the nanofluid, nanoparticle density and volume fraction. Equation (1) was used by different [27] [28] [29] to calculate the density of the nanofluid. Thus, we used this equation to calculate the nanofluid density.
Specific heat
The specific heat of the nanofluid is computed from Equation (2) [7, 27and 29] .
Dynamic viscosity
The dynamic viscosity is computed from Equation (3) which is similar to the equation proposed by Maiga et al. [28] through the curve fitting of the data given in Refs. [30] [31] . Since the effects of the physical phenomena such as the thermophoresis, the Brownian motion and the velocity slip were neglected, Equation (3) has been chosen for calculating viscosity of the nanofluid. 
Thermal conductivity
The nanofluid thermal conductivity is calculated from Equation (4). 
The above equation (Equation (4)) was developed by Maiga et al. [28] by using experimental data of Wang et al. [30] through the curve fitting. According to Maiga et al. [28] , Eq. (4) predicts a lower thermal conductivity of the nanofluid since it assumes that all the nanoparticles suspended in the base fluid were spherical. But this assumption may not be true in reality. As Equation (4) is a quite simple model and can be easily implemented in numerical computations, we preferred to use this model in our study.
Formulation of the computational study
Governing equations 6
The continuity, momentum, energy, turbulent kinetic energy and its dissipation rate equations were solved iteratively in a 3D domain by using finite volume method. The nanofluid is assumed as incompressible, single-phase. The physical properties such as the thermal conductivity ( nf k ), the dynamic viscosity ( nf  ) as well as the specific heat ( , p nf c ) are kept constant through out the entire computaional domain. Nanoparticles are very fine in size and are well mixed in water. The diameter of the nanoparticle for practical applications is usually less than 100 nm. Thus, suspension behaves like a single-phase continum [32] [33] . Since our objective is to develop an empirical relation in term of the independent variables, the thermohydraulic properties are kept constant; otherwise, the number of simulations would be increased by introducing extra complexity and error in the correlation. It is worth to mention here that the velocity slip between the continuous (i.e., water) and discrete (i.e., nanoparticles) phases is neglected establishing a thermal equilibrium between them. Also, the particle diffusion has been ignored in the present case. Different equations relevant to the present study are written as follows:
The rate of the mean strain ij S is defined as 1 2
The subscripts i and j are the notations used to represent a tensor; whereas nf represents the nanofluid. , and c represent the thermal conductivity, the dynamic viscosity and the specific heat, respectively. Since the flow in the duct is turbulent, the mean pressure, temperature and velocities are denoted as , PT, and uT ) have been obtained due to the averaging of the momentum and energy equations. These two quantities are modeled using Equation (9) and Equation (10) .
In Equation (9), k ,  t and  ij represents the turbulent kinetic energy, the eddy viscosity and 
The turbulent viscosity in SST k   is defined as 
, respectively. The positive cross-diffusion part is given as and the production of turbulent kinetic energy that is appeared in both Equations (11) - (12) is defined as 
In Equation (13) 
Boundary conditions
The numerical boundary conditions have already been illustrated in Fig. 1 . Both the duct inlets are declared as velocity inlet in the commercial ANSYS 15 software. The bottom surface with protrusions is imposed to a constant temperature, and the rest of the bounding surfaces of the duct are adiabatic. The flow from the duct exit is issued to atmospheric condition where the pressure is usually atmospheric pressure. So the pressure outlet boundary condition would be the natural choice for the duct exit. The no-slip, adiabatic, constant temperature and constant velocity boundary conditions at different surfaces [35] are given below. At inlet of the duct: 300 ,
At inlet of the nozzle: 300 ,
Here u , v and w are the velocity components in the x, y, and z-directions, respectively. At outlet:
TT   ,and pp  
As the iterative solution progresses, the varibles at near wall cells are linked to the value of those varibles on the wall via the standard wall fuction [36] .
The logarithemic wall-law is written as   
Re
Dh nz , respectively.
Procedure for numerical solution
Equations (5) - (7) and (11) 
Validation
The open literature on convection heat transfer by a cross-flow jet using nanofluid as a coolant is very sparse. However, there exists an abundant work on the heat transfer characteristics of a pipe carrying nanofluid as a coolant. Therefore, the authors have validated the present numerical methodology with the results of Pak and Cho [7] and Maiga et al. [27] . of the pipe. The heat flux was calculated from the data given in Ref. [7] . Since the mean flow was turbulent, k   turbulent model has been incorporated into the numerical models to get the turbulent quantities. Fig. 3(a) shows the comparison between the present numerical results and the experimental results of Ref. [27] . Also, the present computational results have also been validated with the general purpose heat transfer correlation given by Maiga et al. [27] .
Space for Fig. 3(a) and (b)
A straight pipe subjected to a uniform wall heat flux is considered for the present validation. The results of the present numerical methodology matches well with the results of Ref. [27] limiting the error within 5%, which is acceptable for engineering applications. Since in our work, a cross-flow jet has been used to impinge the fluid normal to the main flow (See Fig. 2(b) ), it would be always helpful to validate the numerical schemes with the studies involving jet impingement. Also, the flow behavior for an impinging jet is quite different from a simple close conduct flow. Hence, a separate validation has been carried with Sun et al. For this validation, a circular nozzle (diameter= 3 mm) has been employed to impinge CuO-water nanofluid on a target plate kept at 6 mm apart from the nozzle exit. In our numerical validation, we have taken the diameter of the target plate as 40 times the diameter of the nozzle so as to keep the flow recirculation at a minimum level. The thermo-hydraulic properties of the nanofluid have been taken from Ref. [40] . Fig. 3(b) shows the experimental results of Sun et al. and the numerical 11 results. The Nusselt number computed from the present numerical scheme matches well with the results given in Ref. [40] . 
Results and discussions
Grid sensitivity test
The valid ranges for Eq. (22) A comparison between the predicted and computed Nusselt number has been depicted in Fig. 7 .
A very few data are found to be outside ±10% error band. Table 2 
Re
Dh nz ) is changed from 6,000 to 20,000. Thus, it can be said that ,
Dh duct and ,
Dh nz affect the heat transfer significantly. Space for Table 2 5.3 Effect of number of rectangular protrusions on heat transfer rate ), the evolution of TKE along the center line of the duct has been shown in Figs. 9(a) and 9(b). In both the cases, a strong variation in TKE has been observed from / 12.8 14 X Dh  showing local peaks in TKE. A higher TKE is expected when more numbers of surface protrusions are added to 14 the heated surface. For 3 n  , a higher local peak in TKE has been noticed than that of the case 1 n  .
Space for Fig. 8 Space for Fig. 9(a) and (b) Therefore, when the number of protrusions is increased, the turbulent kinetic energy also increases, leading to the appearance of a higher local peak. Similar observations have been noticed in both the cases. Due to the surface protrusions, TKE has been increased resulting in a strong and rigorous mixing of the hot and colds fluid streams. So the heat from a hot surface is dissipated quite easily. The fluid near the hot wall is able to mix thoroughly and strongly with the incoming bulk fluid so as to facilitate the transfer of heat from the hot fluid to cold fluid, and subsequently, a more amount of heat would be transferred from the heated surface. Therefore, it can be accessed that the presence of surface protrusion always augments the transfer of heat from a heated surface, which could be exploited to cool the substrates like electronic devices for their safe operation and durability. Furthermore, the Nusselt number predicted from the correlation equation shows a close agreement with the computed Nusselt number for different numbers of surface protrusions. It has been illustrated in Fig. 9 (b) that the TKE is increased with the nanofluid volume fraction. 
Effect of  on heat transfer rate
Re
Dh duct . Also, the heat transfer rate improves significantly with .
(ii) It has also been observed that, for a particular , the Nusselt number increases with both the Reynolds numbers (i.e., the duct and the nozzle Reynolds number). It is worth mentioning here that is the most significant parameter for heat transfer improvement, and the Reynolds number is the second best parameter among all such parameters considered in this study.
(iii) The number of protrusions ( n ) fitted to the hot surface also affects the heat transfer rate. It is believed to obtain a higher TKE as n increases and facilitates mixing of cold and hot streams to promote the heat transfer.
(iv) A general purpose correlation has been developed in term of different influencing parameters their wide ranges, which would be handy and useful for practical engineering applications. 
Nomenclature
